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Abstract
Observations of young open clusters show a bimodal distribution of stellar rotation. Sun-like stars in those clusters group into
two main sub-populations of fast and slow rotators. Beyond an age of about 500 Myrs, the two populations converge towards a
single peak distribution of angular velocities. I argue that this evolution of stellar rotation in open clusters results from a brief
episode of enhanced angular momentum loss by strong stellar wind during the early evolution of rapidly rotating Sun-like
stars.
1 Introduction
In the past decades, photometric survey of open clusters
have produced extensive rotation period measurements on
stars with different ages. The results indicate a spin-up phase
of stellar rotation during pre-main sequence contraction fol-
lowed by a spin-down near the ZAMS, and during further
evolution on the main sequence.
These measurements also show (e.g. Barnes 2003; Meibom
et al. 2009; 2011) a bimodal distribution of stellar rotation
in young open clusters. Young Sun-like stars tend to group
into two distinct populations of slow and fast rotators. These
populations lie on narrow sequences in diagrams where the
measured rotation periods of the members of a stellar cluster
are plotted against their B− V colors. One sequence consists
of stars that form a diagonal band of increasing rotation pe-
riod with increasing B - V color. In young clusters, another
sequence of fast rotators is also observed. Few stars lie in
the intervening gap between these two sequences. Beyond
the age of about 500 Myrs, the two groups of fast and slow
rotators converge towards a single distribution of angular ve-
locities.
Modelling the evolution of stellar rotation has been the
subject of many studies. However, very few papers (Brown
2014) have intended to account for the bimodal distribu-
tion of stellar rotation observed in young open cluster. The
present work addresses the origin and evolution of this bi-
modal distribution. Section 2 describe a phenomenological
model of stellar rotation. Section 3 present simulation re-
sults of the rotation evolution a Sun-like star as a function of
its initial rotation rate. It compares the evolution of a normal
distribution of stellar rotation periods with measurements of
stellar rotation in open clusters of various ages. The results
are discussed in Sect. 4.
2 Model of stellar rotation evolution
Studies of the rotation evolution of Sun-like stars often use
a phenomenological model of angular momentum redistri-
bution in stellar interiors, the so-called Double Zone model
(DZM). This model assumes that the radiative core and the
convective envelope rotate rigidly at all ages. These hypothe-
ses are justified (Spada et al. 2011) by the facts that (i) the en-
velope is expected to be strongly coupled by the very efficient
angular momentum redistribution associated with turbulent
convection, and (ii) a large-scalemagnetic field, even as weak
as 1 G, can maintain a condition of rigid rotation in most of
the core.
At any given time, t, the angular momenta Jc of the core
and Je of the envelope can thus be expressed as Jc(t) =
Ic(t)Ωc(t) and Je(t) = Ie(t)Ωe(t). Ic, Ie, Ωc, Ωc are the mo-
ments of inertia and the angular velocities of the core and of
the envelope, respectively. Assuming that the angular mo-
mentum redistribution between the two regions occurs on a
timescale τc, the evolution of their angular momenta is gov-
erned by two coupled differential equations (e.g Oglethorpe
& Garaud 2013):
dJc
dt
= −
∆J
τc
+
(
2
3
R2c
dMc
dt
)
Ωe (1)
dJe
dt
=
∆J
τc
−
(
2
3
R2c
dMc
dt
)
Ωe − τw (2)
where
∆J =
IcIe
Ic + Ie
(Ωc − Ωe). (3)
τw is the torque exerted by the wind on the convective enve-
lope.
During the pre-main sequence evolutionary phase, the
growth of the core at the expenses of the envelope produces
an angular momentum transfer, accounted for by the second
term in the right-hand side of both equations (1) and (2). Rc
andMc are the radius and mass of the radiative core. These
stellar quantities and their time derivatives are taken from
the evolutionary track of a solar mass star established by
Siess et al. (2000) with a metallicity Z = 0.02 and a moderate
overshoot parameter d = 0.20 Hp where Hp is the pressure
scale height.
Weber & Davis (1967) demonstrated that the loss rate of
angular momentum by the star is expressed in a steady state
as the product of the mass loss rate and the specific angular
momentum carried by the outflow, i.e.:
τw = ΩeM˙wR
2
A (4)
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where M˙w is the mass loss rate and RA the Alfven radius.
According to the simple model described above, the angu-
lar momentum evolution of a Sun-like star depends on the
time evolution of its internal structure and on three param-
eters describing the angular momentum loss and its redistri-
bution within the stellar interior. These parameters are the
mass loss rate M˙w, the mean Alfven radiusRA, and the core-
envelope coupling timescale τc.
The core-envelope coupling timescale τc was initially
found to be constant throughout the evolution of a 1 M⊙
star with a magnitude ranging from 10 Myrs to a few times
10 Myrs. In order to account for new observational results,
recent studies suggested that the coupling timescale may be
different for fast and slow rotators. Based on the argument
that the derived dependency is weak, the present study as-
sumes that the core-envelope coupling timescale of a Sun-
like star is constant over time and independent of its initial
rotation rate.
Observations (Wood et al. 2005, 2014) indicate that the
mass loss rate of Sun-like stars increases as a power law
of their X-ray surface flux. The interpretation of theses ob-
servations with the assistance of hydrodynamic models also
suggest that, beyond a certain flux, the mass loss rate of
young stars drops to weaker values. Since the X-ray lumi-
nosity and therefore the X-ray surface flux of cool stars is
a function of their Rossby number, I formulated this scaling
law as follows:
M˙w ≈
{
M˙⊙ × (FX/FX,⊙)
α if Ro > Row
˙Msat if Ro ≤ Row
(5)
where FX and FX⊙ are the stellar and solar X-ray surface
flux, respectively. Row is the Rossby number at a so-called
wind dividing line below which the mass loss rate saturates
at a constant value ˙Msat.
The X-ray to bolometric luminosity ratio of late-type stars
has been parameterised as a function of the Rossby number
Ro (Pizzolato et al. 2003):
LX
Lbol
≈
{
RX,sat if Ro ≤ Rocrit
(LX,⊙/L⊙)(Ro/Ro⊙)
β if Ro > Rocrit.
(6)
with log(LX,⊙/L⊙) = -6.24 (Judge et al. 2003). In this equa-
tion, Lbol is the stellar bolometric luminosity and Rocrit
is the Rossby number below which the saturation of X-ray
emission occurs. RX,sat = 0.74 × 10
−3 is the saturation level
of the X-ray to bolometric luminosity ratio. Wright et al.
(2011) found a power index β = -2.7. I combined Eq. (5) and
(6) to parameterise the mass loss rate of Sun-like stars as a
function of their Rossby number.
One observational constraint on the rotation evolution of
Sun-like stars comes from the well known result of Sku-
manich (1972) that stars older than about 1 Gyr spin down
with the inverse of the square root of time. This rotation
evolution imposes RA ≈ RA,⊙ × {Ωe/Ω⊙}
1+
αβ
2 for slow
rotators. Assuming that the Alfven radius of rapid rotators
saturates at Rossby number smaller than RoA, RA can thus
be expressed as follows:
RA =
{
RA,⊙ {Ωe/Ω⊙}
1+
αβ
2 if Ro > RoA
RA,⊙ {P⊙/(τ⊙.RoA)}
1+
αβ
2 if Ro ≤ RoA
(7)
where τ⊙ and P⊙ are the convective turnover time and the
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Figure 1: Assumed braking torque of a Sun-like star as a func-
tion of its Rossby number.
rotation period of the Sun, respectively.
3 Simulations
3.1 Rotation evolution of a Sun-like star
In order to simulate the rotation evolution of one solar
mass stars, I first used the empirical parameterisations of the
mass loss rate vs X-ray surface flux proposed by Wood et al.
(2014) and that of the X-ray luminosity vs Rossby number
formulated by Wright et al. (2011). When imposing those re-
lationships, the rotation evolution model has only three free
parameters, namely the initial rotation period after circum-
stellar disk dispersion, the core-envelope coupling timescale,
and the Rossby number RoA below which the Alfven radius
saturates at its lowest value. For various distribution of ini-
tial rotation periods, I could not find a set of free parameters
that lead to simulation results similar to the measured distri-
bution of rotation periods in open clusters. In particular, the
simulations could not reproduce the bi-modal distribution of
stellar rotation observed in intermediate age open clusters.
I thus let the mass loss rate parameter at saturation ˙Msat
vary since this parameter is poorly constrained by observa-
tion. I also imposed that the saturation of the wind occurs at
Row = 0.13 and that the saturation of the Alfven radius occurs
at RoA = 0.4. These constraints are suggested by the obser-
vations that the transition from the fast to the slow rotation
sequence in the M34 open cluster and in the Pleiades occurs
on stars with 0.13 < Ro < 0.4 (Gondoin 2014, 2015).
Figure 1 shows the braking torque of a 1 M⊙ star as a func-
tion of its Rossby number resulting from these hypothesis
and assuming ˙Msat = 300 M˙⊙. Using an average solar mass
loss rate M˙⊙ = 2.5 ×10
−14 M⊙/yr, an Alfven radius RA,⊙ =
7.0 R⊙ leads to rotation periods in the range 22-28 days at
an age of 4.5 Gyrs (i.e. similar to the Sun) for initial periods
ranging from 0.6 to 30 days at 5 Myrs. Table 1 lists the model
parameters that I used to simulate the angular momentum
evolution of a solar mass star.
Figure 2 plots the results for initial rotation periods rang-
ing from 0.6 (upper curve) to 30 days (lower curve) at an
age of 5 Myrs. It shows a spin-up phase during pre-main se-
2 Zenodo, 2016
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Table 1: Model parameters used to simulate the angular mo-
mentum evolution of solar mass stars.
Process Parameter Value
Coupling timescale τc 30 Myrs
˙Msat 300 M˙⊙
Mass loss rate Row 0.13
α 1.34
RX,sat 0.74 × 10
−3
X-ray luminosity Rocrit 0.13
β -2.7
RA,sat 2.1 R⊙
Alfven radius RoA 0.4
RA,⊙ 7 R⊙
10 100 1000
Age (Myrs)
1
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Figure 2: Simulated angular velocity evolution of a solar mass
star with initial rotation periods (at 5 Myrs age) of 0.6 (up-
per curve), 1, 2, 3, 6, 10, 20 and 30 days (lower curve). The
simulated angular velocity curves are compared with rota-
tion measurements in h Per (13 Myrs; Moraux et al. 2013),
the Pleiades (125 Myrs; Hartman et al. 2010), M50 (130 Myrs;
Irwin et al. 2009), M35 (133 Myrs; Meibom et al. 2009), and
M37 (550 Myrs; Hartman et al. 2009) .
quence contraction followed by a spin-down near the ZAMS
and during further evolution on the main sequence. Mea-
surements of stellar angular velocities in several open clus-
ters (see Table 2) are also plotted in Fig. 2. The simulated
angular velocity curves fit reasonably well the dispersion of
rotation periods among solar-type stars in young open clus-
ters. The narrowing of their distribution between the age of
M37 (∼ 550 Myrs) and that of the Sun is also reproduced.
3.2 Evolution of stellar rotation in open clusters
The time series photometric survey of NGC 2362 by Irwin
et al. (2008) provided a measurement of an early distribution
of rotation periods in a ∼ 3-4 Myrs old open cluster (Mayne
et al. 2007). I extracted a sample of 91 stars with masses
included between 0.7 and 1.1M⊙ stars from the list of Irwin et
al. (2008). This sample shows a broad distribution of rotation
periods between 0.4 and 25 days with a maximum around 7
days (see upper left plot in Fig.5). The histogram shows no
evidence of a bimodal behavior with distinct populations of
slow and fast rotators.
Only a few stars in the parent sample show mid-infrared
excesses indicative of the presence of circumstellar disks (Ir-
win et al. 2008). The disk accretion process has ceased for
most of the stars and will not affect the subsequent evolu-
tion of their angular momentum. The measured distribution
of stellar angular velocities among the 91 sample stars thus
provides an example of a distribution of stellar rotation in an
open cluster just after dispersion of the circumstellar disks.
This sample however has a relatively small size compared
with those derived from some surveys of older clusters (see
Table 2). I thus emulated a larger distribution of stellar an-
gular velocities in NGC 2362 by generating a normal distri-
bution of 1000 rotation periods with a maximum around 7
days. The distribution was truncated below 0.3 day to mimic
the distribution of rotation periods in NGC 2362 that covers
the range 0.3 to 30 days. This obtained distribution of rota-
tion periods is plotted in the upper left graph of Fig. 3.
The evolution of each initial rotation period of this refer-
ence distribution was then calculated using the angular mo-
mentum evolution model described in Sect. 2 with the pa-
rameter listed in Tab.1. Figure 3 shows the simulated evolu-
tion of this 5 Myrs old reference distribution at subsequent
ages of 13, 25, 130, 550, and 1250 Myrs. It indicates that dur-
ing the first 13 Myrs the broad initial distribution is shifted
towards shorter rotation periods due to the effect of stellar
contraction. At an age of about 25 Myrs, a double peak dis-
tribution appears that lasts till the age of about 550 Myrs. At
later ages, the simulation produces a single peak distribution
that sharpens and moves with time towards longer rotation
periods.
4 Comparison with observations
In order to compare the simulated evolution of the refer-
ence NGC 2362-like distribution with observations, I look for
open clusters having a large enough number of Sun-like stars
with known rotation periods. Open clusters with hundred
such stars are estimated to be of a reasonable size for estab-
lishing rotation period distributions with large enough sta-
tistical significance. I initially defined Sun-like stars as stars
within the 0.9 to 1.1 M⊙ mass range. However, since I could
find large enough samples in only two clusters, namely h Per
and M 35, I extended the mass bin to the 0.7 - 1.1 M⊙ range.
Three additional clusters were found having large enough
samples of 0.7 - 1.1 M⊙ stars with known rotation periods,
namely the Pleiades, M50, andM37. The names of these clus-
ters, their ages, the number of sample stars, and the refer-
ences to the parent surveys are given in Table 2.
The study assumes that the rotation period distributions
derived from the photometric surveys are representative of
the cluster distribution and not significantly affected by ob-
servational biases. Figure 4 shows the rotation period his-
tograms of the 0.7 - 1.1 M⊙ stars extracted from the selected
surveys. A logarithmic scale is used on the x-axis such that
the shapes of the histograms are the same whether the x-axis
uses rotation periods or angular velocities bins.
The upper middle graph in Fig.4 shows the measured ro-
tation period distribution of 0.7 - 1.1 M⊙ stars in h Per (NGC
869)which age has been estimated to 13Myrs (Mayne&Nay-
Zenodo, 2016 3
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Figure 3: Simulated evolution of a normal rotation period distribution (upper left) similar to that of NGC 2362 (see text) at
subsequent ages of 13 Myrs (upper middle), 25 Myrs (upper right), 130 Myrs (lower left) , 550 Myrs (lower middle), and 1.25
Gyrs (lower right).
lor 2008). By the age of this cluster, the disk accretion pro-
cess has ceased on all stars that freely evolve towards the
ZAMS. The h Per sample shows a bi-modal distribution with
a fast rotator group having rotation periods around 0.3-0.4
days, a slow rotator group with periods around 5-6 days, and
few stars within the intermediate 1-2 days period range. The
simulated rotation evolution of the NGC 2362-like reference
sample does not show a bimodal distribution by the age 13
Myrs (see upper middle graph in Fig. 3) as observed in h Per
but only 10 Myrs later (see upper right graph in Fig. 3).
The Pleiades, M50, and M35 open clusters have similar
ages estimated to ∼125 Mys (e.g. Stauffer et al. 1998), ∼130
Myrs (e.g. Kalirai et al. 2003), and ∼133 Myrs (e.g. McNa-
mara et al. 2011) respectively. They have been the subject
of extensive photometric time-series survey by Hartman et
al. (2010), Irwin et al. (2009), and Meibom et al. (2009), re-
Table 2: Large samples of 0.7 - 1.1 M⊙ stars with measured
rotation periods used for comparisons with simulated rota-
tion period distributions.
Cluster Age Nstars Reference
(Myrs)
NGC 2362 5 91 Irwin et al. 2008
h Per 13 207 Moraux et al. 2013
Pleiades 125 170 Hartman et al. 2010
M50 130 316 Irwin et al. 2009
M35 133 223 Meibom et al. 2009
M37 550 284 Hartman et al. 2009
spectively. The three stellar samples show similar rotation
period distributions (see upper right, lower left, and lower
middle graphs in Fig.4). These include an important group of
slow rotators with periods ranging between 2.5 and 10 days
but concentrated around 5-8 days. A smaller group of fast ro-
tators is also visible between 0.25 and 1.5 days in the Pleiades
and M35 histograms. In M50, the fast rotators group appears
as a long tail in the rotation period distribution. The simula-
tion reproduces reasonably well the bimodal distribution of
rotation periods in the Pleiades, and M35 with 32 % of the
stars in the fast rotator group (see lower left graph in Fig. 3).
The M37 open cluster has an age of 550 Myrs (Hartman
et al. 2008). The distribution of rotation periods in M37 is
narrower than in younger clusters. The histogram exhibits a
strong peak of slow rotators at period between 6 and 10 days
that is well reproduced by the simulation (see lower middle
graph in Fig. 3). This distribution is consistent with the view
that stars in old clusters such asM37 and the Hyades are slow
rotators while younger open clusters such as the Pleiades,
M50 and M35 show a wide spread distribution of angular ro-
tation. The bimodal distribution of stellar rotation observed
in those clusters has almost fully disappeared in M37. This
evolutionary trend is accounted for in the simulated evolu-
tion of the NGC 2362-like rotation period distribution (see
Fig. 3).
5 Discussion
I used a phenomenological model of angular momentum
redistribution to simulate the evolution of a normal distribu-
tion of rotation velocities that emulates the distribution of
rotation periods in the young NGC 2362 open cluster. The
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Figure 4: Measured rotation period histogram of 0.7 - 1.1 M⊙ stars in NGC 2362 (5 Myrs; Irwin et al. 2008), h Per (13 Myrs;
Moraux et al. 2013), Pleiades (125 Myrs; Hartman et al. 2010), M50 (130 Myrs; Irwin et al. 2009), M35 (150 Myrs; Meibom et al.
2009), and M37 (550 Myrs; Hartman et al. 2009).
simulation results reproduces the main features of the rota-
tion period distributions observed in older clusters. They ac-
count for the bimodal distribution of stellar rotation that is
observed among Sun-like stars in the Pleiades, M50 and M35.
The model simulate the prospective appearance of a bimodal
rotation period distribution at an early stage of NGC 2362
evolution, though not as early as observed in the h Per open
cluster. These results suggest that the stellar rotation periods
distributions in open clusters form a continuous sequence of
evolution. Clusters of similar ages have similar rotation pe-
riods distributions.
One major event in the evolution of stellar rotation is
needed by the model to reproduce the observed appearance
and disappearance of the bimodal distribution. This event is
a brief episode of large angular momentum loss that would
occur as the rotation rate of Sun-like stars decays through the
0.13 - 0.3 Rossby number interval (see Fig. 1). The enhanced
braking torque induces a strong deceleration of stellar rota-
tion that explains the rapid transition of Sun-like stars from
the fast to the slow rotators sequence observed in young open
clusters (Gondoin 2012, 2015). This catastrophic event occurs
at ages included between a few tens and∼ 600Myrs depend-
ing on the initial rotation rate of the stars after circumstellar
disk dispersion, thus accounting for the bimodal distribution
of stellar rotation observed in clusters within this range of
ages.
The model assumes that this brief episode of enhanced an-
gular momentum loss is due to a sudden rise of the mass loss
rate at a critical rotation rate combined with a continuous
and moderate increase of the Alfven radius with decreasing
rotation rate. This scenario is suggested by measurements of
astrospheric Lyα absorptions interpreted with the support of
hydrodynamic models (Wood et al. 2005, 2014). These obser-
vations indicate that the mass loss rates of G-K dwarfs in-
creases with the X-ray surface flux up to a wind dividing line
beyond which the mass loss rate of active young stars would
be significantly lower.
Although the model assumes that the episode of enhanced
rotational braking is driven by a sudden increase of the mass
loss rate, alternative scenarios producing a similar evolution
of the angular momentum loss are a priori equally plausible.
This includes e.g the sudden change in the coupling between
the wind and the large scale magnetic fields of the stars pro-
posed in the metastable dynamo model described by Brown
(2014). This scenario, however, does not seems to be con-
sistent with spectro-polarimetric observations of solar-type
stars (Donati & Landstreet 2009). Folsom et al. (2016) found
no strong difference in their sample of young Sun-like stars
between the magnetic geometry of fast rotators (P< 2 days)
and that of moderate rotators, which would essentially cor-
respond to the transition between the fast and slow rota-
tion sequence of Barnes (2003). Their observations rather
indicate a continuous evolution from strong, toroidal and
non-axisymmetricmagnetic fields on stars with small Rossby
number to a more poloidal and axisymmetric configuration
of large scale magnetic fields on moderate rotators.
An episode of enhanced angular momentum loss due to a
more efficient magnetic braking by stellar winds should in-
crease the differential rotation between the core and the en-
velope of the star. Since the magnetic field lines that sling
charged particles from the wind into space are rooted in the
photosphere, a strong wind torque is expected to deceler-
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ate the envelope rotation while the conservation of angu-
lar momentum should keep the radiative core in rapid ro-
tation. A large shear should develop at the base of the con-
vection zone and trigger various instabilities. These insta-
bilities are expected to drive mass motions or gravity waves
that redistribute angular momentum and mix the stellar ma-
terial enhancing light-element depletion (e.g. Chaboyer et
al. 1995; Charbonnel & Talon 2005; Talon 2008). Such an ef-
fect was observed in the Pleaides andM34 by Gondoin (2014)
who noted that K stars on the fast rotator sequence have sig-
nificantly higher lithium abundances that stars with same
masses and ages located on the slow rotator sequence. This
observed depletion of Li among stars that evolve from the
fast to the slow rotator sequence supports the occurrence of
a brief episode of enhanced magnetic braking by stellar wind
in the early evolution of Sun-like stars.
The possible causes of such a catastrophic event remain to
be determined. Remarkably, the rapid evolution of the stel-
lar rotation in 0.13-0.3 Rossby number range and age domain
seems to be correlated with a change in the evolution of the
stellar X-ray emission level. A steep transition in X-ray to
bolometric luminosity ratio has been observed in the M34
open cluster (Gondoin 2012) between stars on the fast ro-
tator sequence that emit close to the 10−3 saturation level,
and stars on the slow rotator sequence, whose LX/Lbol ra-
tio is significantly lower. Correlated transitions between the
saturated and non-saturated X-ray emission regimes and be-
tween the fast and slow rotator sequences are also observed
in the Pleiades (Gondoin 2015). Based on these observations,
Gondoin (2013) argued that the transition from the saturated
to the non-saturated regime of X-ray emission among main-
sequence stars may be the result of a dynamo regime transi-
tion.
6 Conclusion
The appearance of a bimodal distribution of rotation pe-
riods in young open clusters and the correlation of the ro-
tation sequences with X-ray emission and Li abundance
point towards a scenario where Sun-like stars with a rapid
enough rotation after circumstellar disk dispersion experi-
ence a short episode of large rotational braking in their early
evolution. This catastrophic event is driven by a sudden in-
crease of the mass loss rate due to stellar winds at Rossby
number included between 0.13 and 0.3. The resulting in-
crease of the braking torque induces a large rotational shear
at the bottom of the convective zone. It occurs on stars with
ages included between 20-30 Myrs and ∼ 600 Myrs depend-
ing on their initial rotation rate after dispersion of their cir-
cumstellar disk, thus accounting for the bimodal distribution
of stellar rotation observed in clusters with those ages.
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